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Abstract  11 

Guinea-Bissau coastlines are found highly vulnerable to coastal hazards, and this vulnerability will likely increase 12 

under future climate changes scenarios. In addition, the multi-hazardous assessment studies have not yet been 13 

conducted to clarify the status of vulnerability index to coastal hazards. Therefore, we integrated eight bio-14 

geophysical parameters and elaborate a comprehensive Coastal Vulnerability Index to coastal hazards, stablish the 15 

rate of sea-level rise and determine the role of coastal habitats in protecting the shorelines in the Northwestern 16 

Coastline of Guinea-Bissau, by using the GIS and Coastal Vulnerability Index of InVEST Model. The study found 17 

that, out of 87 km of the studied coastlines, nearly 45 km lie in high to very-high vulnerability index. 17 km are 18 

found in a moderate vulnerability index and 25 km are found at low to very-low vulnerability index. The main 19 

responsible for high vulnerability registered in Zone-B were the wind and wave exposure, as this coastline is highly 20 

exposed to sea. The other reason was the storm surge and sea-level that rises 8.79/year, motivated by low coastal 21 

elevation. Mangrove ecosystem that are largely found in Zone-A, play very important role in protecting shoreline 22 

from coastal hazards with value 0.61, followed by forest and sand dune that are found mostly in Zone-C with 0.49 23 

and 0.4 respectively, and saltmarsh that are relatively found in Zone-B with value 0.32. These findings can assist 24 

coastal managers in cost-effective adaptation plans, provide a scientific basis for sustainable coastal management 25 

and guidance for ecological conservation in coastal regions.   26 

Keywords: Coastal vulnerability index, Climate change, Coastal hazards, Spatial Analysis Techniques 27 

1 Introduction 28 

Various coastal regions are vulnerable to coastal hazards due to their proximity to the sea (Sahoo and 29 

Bhaskaran 2018; Islama et al. 2016). Coastal hazards like sea storms, tidal flooding, coastal erosion, cyclones, 30 

saltwater intrusion, sea-level rise, and sea surface temperature occur frequently in coastal areas due to natural and 31 

human implication (Kantamaneni 2016). These coastal hazards constantly lead to extensive human, economic, 32 

social, and ecological damage. Several researches have projected that by 21st century, severity of the changes in 33 

coastlines will occur due to sea-level rise intensification (Djouder and Boutiba 2017; Pachauri et al. 2014; 34 

Ghoussein et al. 2018), as a result, coastal communities, properties, and coastal habitat are at constant risk (Pethick 35 

and Orford 2013). Several approaches have been employed, like the Coastal Vulnerability Index (Kumar and Kunte 36 

2012a; Djouder and Boutiba 2017; Addo 2013; Islam 2015), coastal sensitiveness (Chalkias et al. 2014; Abuodha 37 

and Colin 2010) and others indexes such as, Comparative Coastal Risk and Coastal Risk Index-Local Scale (Calil et 38 

al. 2017; Komali 2016; Le Cozannet et al. 2013; Murali et al. 2013; Gallina et al. 2016) to link of coastal 39 

vulnerability to coastal hazards. These methods were initially suggested by Gornitz (1994), which was later taken up 40 

by various other authors (Djouder and Boutiba 2017; Addo 2013; Islama et al. 2016; Muralia 2015; Ghoussein et al. 41 

2018). Being as an integral index, the CVI includes various pertinent parameters to produce relevant information for 42 

the management of the coastal regions (Bagdanavičiūtė and Kelpšaitė 2015; Denner et al. 2015). The CVI operates 43 
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as a numerical approach in categorizing coastal region's sections based on the strength of impact (González and 44 

Covarrubias 2018; Rani 2015). Prevention are one of the most risk management strategies to contain the coastal 45 

hazards impacts on coastal community, properties, and ecological environment (Hoque et al. 2017; Murali et al. 46 

2013). In most coastal countries, researchers have made attempts to evaluate the level of coastal vulnerability by 47 

employing geophysical parameters like geomorphology, shoreline dynamic, relative sea-level change, wave regime, 48 

coastal slope and others (Kumar and Kunte 2012a; Gornitz 1994; Pendleton et al. 2005; Hamid et al. 2019; Islama et 49 

al. 2016; Shaji 2014) as well as population densities as a socio-economic parameter (Boruff† and Emrich†, 2005; 50 

Szlafsztein and Sterr, 2007; Kunte et al. 2014).  51 

In Guinea-Bissau, approximately 65% of the entire territory are considered coastal area with continental 52 

shelf of 39,339 km² (seatemperatureinfo 2021), maximum wind speed of above 35 km/h and highest wave of above 53 

14 meters height. The country is categorized into two distinct coastal regions, i.e., northwestern regions that include 54 

the Region of Cacheu, Biombo and Bissau; and southwestern regions that include Quinara, Tombali and 55 

Archipelago of Bijagos. The northwestern coastal region contains many important natural resources, like 56 

meandering rivers that form estuaries, the Heavy Sand Mining of Varela, deposited oil, and the Natural Park of 57 

Tarrafes do Rio Cacheu, one of the most extensive mangrove blocks in West Africa (del-Toro and López 2019). 58 

This Natural Park is important site for nature conservation established in the 1980s by the national authority and the 59 

World Conservation Union (IUNC 2018; Mendy and Lobban 2013). The low-lying land, the climatic condition and 60 

landform characteristic are seen as the main factors related to high coastal vulnerability that have led to considerable 61 

loss of properties and environmental destructions (Berman et al. 2020; Frumkin 2018). The coastlines in Guinea-62 

Bissau are predicted to be negatively impacted by 21st century if sea-level rises 1 m which is above the one predicted 63 

globally (3.1mm/yr.) (Bhuiyan and Dutta 2012). The NC-GB is proven to be highly vulnerable to coastal hazards 64 

(Fandé 2018; Tebaldi et al. 2016). Although, no study on multi-hazardous assessment by integrating bio-geophysical 65 

parameters in this case “the natural habitat, geomorphology, relief, bathymetry, wind, wave, storm surge and sea-66 

level rise” has been conducted to clarify the status of vulnerability index of this coastal areas. Therefore, in this 67 

study, we intend to 1) elaborate a comprehensive Coastal Vulnerability Index to coastal hazards, 2) stablish the rate 68 

of sea-level rise in the shoreline of our study area and, 3) determine the role of coastal habitats in protecting the 69 

shorelines from coastal hazards in the NC-GB. Coastal stakeholders, policy makers and coastal managers can use 70 

the spatial findings as reference base in preparing mitigation and adaptation plans for sustainable coastal 71 

management (Hereher 2015; Ahammed and Pandey 2019; Hoque et al. 2017). 72 

2. Methods and Materials  73 

2.1 Area of study 74 

The study area is geographically located in the NC-GB, between 12° 16′ 14″ N, latitude and 16° 9′ 57″ W 75 

longitude (Fig. 1), covering an area of 1,035.1 km2 with extended coastlines nearly 87 km long (Sintra 2016). The 76 

climate is tropical with temperatures variation from 20 °C (68 °F) to 30 °C (86 °F) in April to May, and annual 77 

average rainfall of about 2,000 mm. The study area is divided into three important ecological zones, considering 78 

different characteristic of this coastlines. Zone-A: area of high mangrove occupation covered by estuaries and rivers 79 

with the lowest coastal elevation and slope (Fig. 3a-b). Zone-B: Area with low coastal habitats quality and widely 80 

exposed to sea and contain low slope as well. Zone-C: the area with more coastal forests, dunes and sand beach with 81 

relatively higher cliff (De Faria et al. 2014).  82 

Fig. 1 is fixed here. 83 

2.2 Dataset and sources 84 

In this study, we used the open-source United States Geological Survey (USGS) to acquire a year 2020 85 

Landsat 8 Operation Land Imager (OLI) temporal dataset of the study area at an enhanced resolution of 15m (USGS 86 

2020). The images were processed, mosaic, and clipped for parameters extraction using ArcGIS 10.5. We utilized a 87 

wide scope of both national and international data as shown in Table 1, and combined with field monitoring to assist 88 

in satellite images interpretation, coastal geomorphologies and natural habitats identification.  89 
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Table 1 is fixed here. 90 

2.3 CVI parameters analysis and mapping 91 

CVI is widely viewed as the most effective and direct method for assessing coastal vulnerability based-92 

index  (Djouder and Boutiba 2017). The CVI relates the degree to which the coastal environments are sensitive to 93 

the impacts of wind and wave exposure, surge potentials and rising of sea-level. The CVI was derived as a result of 94 

the exposure index (EI), and the sensitivity index (SI). The EI and SI are related to how prone coastal environment 95 

and communities are adversely affected by coastal hazards (Sajjad et al. 2020). EI and SI were computed based on 96 

the CVI model, designed by the Natural Capital Project (Naturalcapitalproject 2020). Such model was based on 97 

previous analytical framework approaches (Hammar-Klose and Thieler 2001; Gornitz 1990). It was applied to 98 

quantify the effects of sea-level rise and storm surges on the several coastlines, incorporating seven parameters such 99 

as coastal elevation, geomorphology, habitats, sea-level rise, wind, waves, and surge potential. In accordance with 100 

the criteria detailed by Nelson et al. (2016), 1 (very low) to 5 (very high) were ranked for different exposure levels, 101 

where each segment was calculated as:  102         𝐸𝐼 =(𝑅𝐺𝑒𝑜𝑚𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦𝑅𝑅𝑒𝑙𝑖𝑒𝑓𝑅𝐻𝑎𝑏𝑖𝑡𝑎𝑡𝑠𝑅𝑆𝐿𝑅𝑅𝑊𝑖𝑛𝑑𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒𝑅𝑊𝑎𝑣𝑒𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒𝑅𝑆𝑢𝑟𝑔𝑒)1/7   (1) 103 

More generally:                              104 

                                                    𝐼𝑛𝑑𝑒𝑥 =  (∑ 𝑅𝑖𝑛
𝑖=1  )1/𝑛                                                                        (2)     105 

where 𝑹𝒊 means the classification of the 𝒊𝒕𝒉 geophysical to calculate 𝑬𝑰 + 𝑺𝑰 106 

In this study, eight bio-geophysical parameters such as relief, geomorphology, natural habitat, bathymetry, 107 

wind, wave, storm surge potential, and sea-level rise were all considered following the related literatures. The 108 

conceptual framework of vulnerability index on the basis of an analytical hierarchy approach is presented in (Fig. 2). 109 

Fig. 2 is fixed here. 110 

2.3.1 Relief  111 

Coastal relief performs a critical role in setting up and predicting the amplitude of landmass under threat of 112 

coastal hazards caused the potential rising of sea-level and storm surge (Murali et al. 2013; Kumar et al. 2010). Low 113 

elevation areas are thought to be a highly vulnerable, while high elevation areas are seen as less vulnerable (Hoque 114 

et al. 2018). In this study, we build the elevation and slope raster map (Fig. 3a-b) as an CVI input to calculate the 115 

relief of each shoreline segment. The average elevation radius numeric entry proposed by the user guide of InVEST 116 

package was assigned to "5000" in the model to determine the radius in meters around each shoreline point 117 

(Naturalcapitalproject 2020). The ArcGIS 10.5 was used to create this raster input. 118 

2.3.2 Geomorphology  119 

Coastal geomorphology is remarkably influential in assessments of the shoreline response to various 120 

hazards (Kumar and Kunte 2012a; Islam 2015). It’s noted that, rocky coastlines, provide greater strength in 121 

protection and they show to be less vulnerable to coastal hazards. In the contrary, sandy beaches, lagoons, and 122 

mudflats provide a limited resistance to coastal hazards (Murali et al. 2013). In this study, we considered four 123 

different coastal geomorphologies, including rocky, sandy beach, estuary, and cliff, as the input in the CVI model to 124 

define their potential in shoreline protection (Fig. 3c). Google-Earth was used for on-screen digitization considering 125 

approximately 1 to 3 km from the shorelines to interior of study area. Image improvement techniques were applied 126 

in histogram to increase the visualization and identify geomorphological features. This input was categorized into an 127 

attribute field called "RANK" based on the alternative scheme shown in Table 4 that classified with ranking 1 to 5, 128 

and the value was assigned according literature (Hammar-Klose and Thieler 2001; Gornitz 1990; Thakura et al. 129 

2021) and field knowledge of the study area. 130 
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2.3.3 Natural Habitat 131 

Sajjad and Chan (2020) natural habitats play a key role in minimizing effects of coastal hazards which may 132 

cause damage to coastal livelihoods Mangroves, coral reef, seagrasses and coastal forest greatly reduce the height of 133 

waves in shallow water. Saltmarshes, coastal dune and seagrasses stabilize sediments and stimulate the 134 

accumulation of near coastlines beds and disperse wave power. This study considered four natural habitats, 135 

including mangrove, sand dune, salt marsh, coastal forest, areas without habitat to determine their vital role in 136 

protecting the shoreline from coastal hazards. The Google-Earth was used for on-screen digitization considering 137 

nearly 1 to 3 km from the shorelines to inland (Fig. 3d). The digitized data were exported to ArcGIS 10.5 for data 138 

processing. To add this variable into the CVI model, we provided a habitat table (CSV) to guide the model on the 139 

habitat inputs. The table contained headings "id" (text string without spaces applied to define the habitat uniquely) 140 

"path" (the file name and habitat location in the layer of GIS), "rank" (value from 1 to 5, as described in Table 4 141 

"protection distance" (distance in meters beyond which this habitat will provide). 142 

Table 2 is fixed here. 143 

The CVI model computed a final natural habitat ranking for that point with the following formula: 144 

           𝑅𝐻𝑎𝑏 = 4.8 − 0.5√(1.5 max(5 − 𝑅𝑖)𝑖 = 1 )2 + ∑(5 − 𝑅𝑖)2𝑁
𝑖=1 − (max(5 − 𝑅𝑖)𝑖 = 1 )2                                                    (3) 145 

Where 𝑹𝑯𝒂𝒃 means the rank of habitats and N means the number of habitat types. 146 

2.3.4 Bathymetry  147 

Bathymetry means the depth of the ocean and the sea bed, from the coastline to deeper sea area (Kumar et 148 

al. 2010). It is useful for all types of wave, hydrology, and flood modeling (Islam 2015; Kumar et al. 2012a). For the 149 

purpose of this study, the bathymetry map was acquired from the GEBCO. This raster input was used to find 150 

average water depths required for wave height, and period calculations and bathymetry values were negative in 151 

units’ meters. The raster covered the entire offshore, extending beyond the study area by at least the distance of 152 

the Maximum Fetch. All nondate and positive values are masked before calculating the average depth along a fetch 153 

ray. The ArcGIS 10.5 was used to create this raster map as an input in the CVI model (Fig. 3f). 154 

2.3.5 Wind exposure  155 

 WAVEWATCH-III is a third wave model edition produced by NOAA/NCEP in the spirit of the WAM 156 

model (NOAA 2009). Model WAVEWATCH-III provides data that is used to calculate the wind and wave 157 

variables. The wind variable is an output that categorizes segments of the coastline by their relative exposure. This 158 

variable was calculated as Relative Exposure Index (REI) by taking the maximum of ten percent wind speed 159 

measurements from a long record, dividing the compass into sixteen equiangular sections, and matching the wind 160 

and fetch characteristics that were taken from an eight-years (2008-2016) compiled dataset from the 161 

WAVEWATCH-III model by using this equation:  162 

                                         𝑅𝐸𝐼 = ∑ 𝑈𝑛16
𝑛=1 𝑃𝑛𝐹𝑛                                                                                              (4) 163 

where: 𝑈𝑛 means the average wind speed in meters per second of the ten percent maximum in the 𝑛𝑡ℎ equiangular 164 

section. 𝑃𝑛 means the percentage of the wind speed at the record that blows in the direction of the 𝑛𝑡ℎ   sector. 𝐹𝑛 is 165 

fetch range (the distance at which the wind blows over the surface of the water), in meters, in the sector 𝑛𝑡ℎ. The 166 

ArcGIS 10.5 was used to create this vector point map as an input in the CVI model. 167 
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2.3.6 Wave exposure 168 

 The coastal areas exposed to the open sea commonly suffer greater wave exposure than sheltered ones, due 169 

to the fact that winds blow from a considerable distance, generate more giant waves (NOAA 2009). It calculates 170 

relative vulnerability of a coastal point to 𝐸𝑤 wave, attributing to it the highest of the average weighted wave power 171 

of ocean, 𝐸𝑤𝑜  and locally generated wind waves, 𝐸𝑤𝑙 : 172                                             𝐸𝑤 = 𝑚𝑎𝑥(𝐸𝑤𝑜 , 𝐸𝑤𝑙 )                                                                                         (5) 173 

For ocean waves, the average weighted power was calculated as: 174 

                                              𝑊𝑤𝑜 = ∏ 𝐻[𝐹𝑘]16
𝑘=1 𝑃𝑘𝑜𝑂𝑘𝑜                                                                                 (6) 175 

Where 𝐻[𝐹𝑘] means a single function for all sixteen equiangular sectors of the Heaviside pitch 𝑘 wind. Then, 𝑃𝑘𝑜𝑂𝑘𝑜 176 

gets the average of the highest ten percent of the wave power index (𝑃𝑘𝑜) that were seen in the angular section 𝑘 177 

orientation, with the average of the time percentage (𝑂𝑘𝑜) when such waves were seen in that section. For waves 178 

produced locally by the wind, 𝐸𝑤𝑙  was calculated as: 179 

𝑊𝑤𝑙 = ∏ 𝐻[𝐹𝑘]16
𝑘=1 𝑃𝑘𝑙 𝑂𝑘𝑙                                                                             (7) 180 

Where 𝐻[𝐹𝑘] is the opposite of the definition in Equation (7), meaning 𝐸𝑤𝑙  that only accumulate along rays 181 

that do not reach max fetch distance, 𝐸𝑤𝑙  means the total out over the sixteen wind sectors of the wave power that 182 

was produced by averaging the ten percent highest 𝑃𝑘𝑙  values of wind speed propagating in the 𝑘  orientation, 183 

weighted by the occurrence percentage 𝑂𝑘𝑙  of these high wind in such sector. The locally generated power of the 184 

wind's wave was calculated by using Equation (6). The ArcGIS 10.5 was used to create this vector point map as an 185 

input in the CVI model. 186 

2.3.7 Storm surge  187 

The storm surge is the speed of wind and the distance over which the wind can blow over the shallow water 188 

(Hoque et al. 2018). The storm surge inundation is primarily causing great damage and losses of human life in 189 

coastal regions. In general, the greater the extent of continental shelf fronting a segment of coastline, the greater the 190 

potential for tide surge during the storm (Jennifer et al. 2011). This model calculates the relative storm exposure 191 

from the distance of the point on the shoreline to the continental shelf boundary. This polyline input describes the 192 

location of the continental margin or other bathymetric contours that are locally important. The ArcGIS 10.5 was 193 

used to create this polyline map as an input in the CVI model. 194 

2.3.8 Sea-level rise 195 

Rising of sea-levels are a serious threat to coastal environment and communities (Khan et al. 2020). The 196 

effects of sea level change are likely to get worse with changes in climate (Mills et al. 2020). To map our annual 197 

sea-level rise, the tide data from 2008 to 2020 were collected from the Hydrographic Institute of Portugal 198 

(Hidrografico.pt 2021).  199 

Table 3 is fixed here. 200 

In the procedure, millimeter conversion of the data was carried out, the averaged high tide values taken 201 

were sorted and calculated using the spreadsheet to generate the rate of sea-level rise rate in the NC-GB. For this 202 

input, the elevation raster dataset was used as a mask to and the estimated high tide (2.8m) and low tide (0.1m) were 203 

plotted in ArcGIS 10.5 using Map Algebra under Special Analyst of Arc Toolbox to create the inundation map (Fig. 204 

3e). This raster dataset was then converted into a point vector as required by the model with numeric field values 205 

representing a sea-level rise metric as rate, net rise and fall. The relevant parameters were first screened and then 206 
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mapped out from various sources of data using spatial analysis techniques. An example of six mapped parameters is 207 

shown in Fig. 3 including relief, coastal slope, coastal geomorphologies, natural habitats, coastal inundation and 208 

bathymetry. 209 

Fig. 3 is fixed here. 210 

2.4 CVI parameters ranking and calculation 211 

The rankings were attributed on each alternative mapped parameters layer, thus giving the vulnerability 212 

scores of 1 to 5 (Nelson et al. 2016). A ranking of 1 indicates very-low vulnerability index, while a ranking 5 shows 213 

very-high exposure index. On the basis of the proposed methods by Gornitz et al. (1990); Hammar-Klose and 214 

Thieler (2001), we outlined the alternative vulnerability ranking under each parameter, considering the literatures 215 

and local knowledge of the study area (Table 5). The alternatives for each parameter were given according to their 216 

potential contribution increasing the vulnerability index. Thereafter, the CVI was then computed as the root square 217 

of the ranked parameters and divided by the total number of parameters using the equation ''1'' (Islama et al. 2016; 218 

Kumar et al. 2010). An equal weighting was applied to each parameter for the final CVI calculation. The CVI 219 

outputs were then categorized by employing the quantile option of ArcGIS 10.5 tool platform. The quantile 220 

classifying method is alleged to be both consistent and effective in displaying the result of CVI outputs 221 

(Naturalcapitalproject 2020).  222 

Table 4 is fixed here. 223 

2.5 Field observation  224 

This study applied qualitative field observation methods to find out the most vulnerable area of coastal 225 

hazards. We carried out on-site field observations in March to May 2021 for the purpose of identifying the coastal 226 

natural habitats and geomorphologies and their state of degradation due to coastal hazards intensification. This field 227 

observations were considered to help in interpretation of satellite images for on-screen digitation natural habitat and 228 

geomorphology parameters. The in-depth self-observations were undertaken at site-specific places of the study area 229 

by using photographer, GPS and ‘Olho de Papagaio’ a high-resolution aerial image device. 230 

3 Results 231 

3.1 CVI parameters and mapping 232 

The CVI results and description of the selected eight parameters that impact the coastal structures of the 233 

study area are presented below. The study area was divided into three important zones based on their ecological 234 

characteristic. Each parameter was assigned to a ranking one to five according to the alternative classification 235 

scheme given in Table 5. In this study, the high and very-high Exposure Index was largely occurred in Zone-A and 236 

B with a CVI model result 3.89% and 3.20, respectively. The very-low EI was mostly noted in Zone-C with value of 237 

1.30 and the moderate EI was both identified in Zone-A and C of our study area with value 2.50 (Fig. 4). Out of 87 238 

km of the studied coastline, nearly 24 km corresponding (27.59%) registered very-high vulnerability index. This 239 

area covers almost the entire coastline of Zone-B (Fig. 4). 17 km (19.54%) showed a moderate vulnerability index, 240 

and the segments of very-low vulnerability lie in approximately 11 km (12.64%). These areas are found both in 241 

Zone-C and A.  242 

Fig. 4 is fixed here. 243 

Zone-B recorded the highest vulnerability index due to its highly exposure to wind and wave (Fig. 5). Low 244 

relief of the coastlines made zone-A more vulnerable to storm surge and sea-level rise, however, the coastal habitats 245 

found in these areas mainly mangroves, play very important role in protecting the coastlines from coastal hazards 246 

(Fig. 7). In contrast, the very-low vulnerability registered in Zone-C was due to high relief of this area associated 247 

with some coastal geomorphology structures and natural habitat such as flat rocky, low cliff, coastal forest and 248 

abundant sand dune (Fig. 8).  249 
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Fig. 5 is fixed here. 250 

3.1.1 Relief  251 

A higher elevation shoreline is at less risk of being flooded than a lower elevation shoreline. In this 252 

assessment, areas with ranking 1 were classified as very highly vulnerable area, while those of ranking 5 was 253 

categorized as very low vulnerable area. This result shows that the relief ranking is lower in Zone-A, indicating high 254 

vulnerability (Fig. 7a). Approximately 38 km of the coastlines (ranking 4 to 5), lie in low to very-low vulnerable 255 

areas. Nearly 22 km of the coastlines (ranking 3), shows the moderate vulnerability index, and about 27 km (ranking 256 

1 to 2) lie in a very-high to highly vulnerable. The high and very-high vulnerability index registered in Zone-A are 257 

due to low elevation of the coast seen in Fig. 3a. 258 

3.1.2 Geomorphology  259 

Coastal geomorphology plays a key role in resistance against coastal hazards. The flat rocks, the low-lying 260 

cliff and estuary offer a moderate protection, and were ranked 2 to 3 in this study. However, low cliffs and flat rocky 261 

units were observed only in a small area of Zone-C, unlike estuary occupying almost two-thirds of all coastlines that 262 

are found largely in Zone-A. Sand beach provides less protection, and it was ranked 4, standing approximately 31 263 

km, occupying above one-third of entire coastlines of Zone-B and C. In this analysis, the result showed that, nearly 264 

43 km corresponding (49.43%) of the coastlines are under a high geomorphology protection, 39 km (44.83%) are 265 

under moderate geomorphology protection and only 05 km (4.35) are under low geomorphology protection. Very-266 

low and very-high were not observed in our results (Fig. 7b). 267 

3.1.3 Wind Exposure 268 

This analysis shows the relative wind exposure in the coastline of our study area. We can see that almost 269 

the entire coastline is somehow exposed to high wind. Approximately 47 km of the coastlines, under ranking 4 to 5 270 

lie in a high to very-highly vulnerable areas (Fig. 7c). Nearly 17 km (ranking 3), are found in moderate vulnerable 271 

areas. Around 23 km of coastlines (ranking 1 to 2), lie in a very-low to low vulnerable area. The high and very high 272 

wind exposure registered in Zone-B and C, were due to their high exposition to open Atlantic Ocean and 273 

inconsistent natural habitat in the shorelines. The low and very-low wind exposure registered in Zone-A, has to do 274 

with notable sheltered areas by the river Cacheu and mangrove ecosystem in the shoreline. 275 

3.1.4 Wave Exposure 276 

From this analysis, relative wave exposure on the coastlines of the study area is shown. We found that 277 

almost two third of the coastlines are highly exposed to wave. Nearly 47 km of the coastlines under ranking 4 to 5 278 

lie in high to very-highly vulnerable areas (Fig. 7d). Roughly 24 km under ranking 3 were located in a moderate 279 

vulnerable area, and approximately 17 km of the coastlines under ranking 1 to 2 lie in a low and very-low vulnerable 280 

areas. The registered high and very-high vulnerability index in Zone-B and C, were due to their exposition to 281 

Atlantic Ocean and continental shelf. The low and very-low vulnerable areas found in Zone-A has to do with notable 282 

sheltered areas by the river Cacheu and estuary (Fig. 8). 283 

3.1.5 Storm surge  284 

In general, the greater the extent of the continental shelf fronting a section of coastline, the greater the 285 

potential for the surge to build up during a storm. This analysis reports that approximately 40 km corresponding 286 

(45.98%) of the coastlines under ranking 4 to 5, are in a high to very-highly vulnerable area (Fig. 7e). Nearly 16 km 287 

(18.39 %), under ranking 3, present moderate vulnerability index. 31 km (35.63 %), under rank 1 and 2 are in a low 288 

to very-low storm surge exposure. The high and very-high vulnerability registered in Zone-A were due to low 289 

elevation and slope of the coastlines (Fig. 3a-b). The registered low and very-low vulnerable areas were due to 290 

relatively high elevation of this coastline. 291 

3.1.6 Sea-level rise 292 

Changes in climate contribute to rising sea levels, making a terrible effect on the environment and coastal 293 

community. In this study, we made the first assessment of sea-level change in the NC-GB, recorded at the Cacheu 294 
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river tide station and found a significant change rate of 8.79 mm/year (Fig. 6). This rate of calculated change in sea-295 

level is higher than the global predicted rate of sea-level change of 3.1 mm/year (Bhuiyan and Dutta 2012). 296 

Therefore, in this analysis, ranking 5 determines the areas with a very-high vulnerability to sea level rise, while rank 297 

1 determines the areas with a very-low vulnerability. Approximately 41 km (47.13) under rank 4 to 5 lie in high to 298 

very-highly vulnerable areas (Fig. 7f). Nearly 18 km (20.69 %) under rank 3 are in moderate vulnerability index. 28 299 

km (32.18 %) under rank 1 to 2 are in a low to very-low vulnerability index.  300 

Fig. 6 is fixed here. 301 

3.1.7 Habitat role 302 

The coastline habitats play the key role in reducing effects of coastal hazards. They reduce the wave and 303 

wind currents force, stimulate the coastal banks to rise, and disperse wave power. In this study, the higher and lower 304 

scores showed the relative contribution of habitat in protecting the coastline. 0.49 to 0.61% represent high to very-305 

high habitat contribution in protecting the coastline from coastal hazards, respectively. These areas are found in 306 

Zone-A, covering mostly mangrove that were ranked 1 in habitat Table 2. 0.40%, represent moderate habitat 307 

contribution in protecting the coastline occupying a small area of Zone-A and C. These areas are mostly covered 308 

with coastal forest which were ranked 2 in habitat Table 2. 0.32% to 0.16 represent the low to very-low habitat 309 

contribution. These areas cover Zone-A and B, they include mainly sand dunes, salt marsh and area with almost no 310 

coastal habitat that were ranked 4 and 5 in habitat table. 311 

Fig. 7 is fixed here. 312 

Table 5 fixed here. 313 

3.2 Field observation  314 

The qualitative method provides us with useful data to verify the vulnerability index in the NC-GB. Over 315 

ten sites were observed, but we only seven specifics were highlighted and we found similarities between CVI model 316 

results and field observations results. As shown in Fig. 8, the zone-A presented a high vulnerability index of surge 317 

and sea-level rise as confirmed in the image 3 and 7 of observed places. Our CVI results indicated that zone-B is 318 

highly vulnerable to wind and wave due to its exposition to open sea as confirmed in image 6. We also observed 319 

that, Zone-C is slightly vulnerable to coastal hazards due to its relatively high elevation supported by 320 

geomorphological structures as seen in image 4 and 5. Image 1 shows the coastal dune build up around Sucujaque 321 

community due to the coastal accretion generated by sea-level rise and storm surge. Our CVI model showed a 322 

relatively comparable vulnerability index. 323 

Fig. 8 is fixed here. 324 

4 Discussion  325 

Naturally, this study builds on previous studies to assess CVI (Pendleton and Theiler 2005; Islama et al. 326 

2016; Hoque et al. 2019; Shaji 2014); however, it is the first coastal vulnerability assessment covering a large part of 327 

the NC-GB that relates to coastal hazards. This index-based analysis has been applied in several coastal countries 328 

around the world to assess the vulnerability of the coastal regions to coastal hazards (Djouder and Boutiba 2017; 329 

Addo 2013). Coastal hazards are putting NC-GB at greater risk of damage. Traditional approaches to combat coastal 330 

erosion and inundation, such as seawalls and jetties, are often expensive to construct and maintain, especially in 331 

variable weather conditions (Harman et al. 2015). A growing body of evidence suggests that mangrove, coral reefs, 332 

coastal forests, saltmarsh and seagrass beds can buffer coastal waves and currents and retain sediment, providing 333 

protection for coastal communities and infrastructure, maintaining the benefits of coastal habitats for people and 334 

ecosystems. The potential role of ecosystems depends on a variety of factors, such as habitat and geomorphology 335 

types, magnitude of coastal hazard, shoreline type and elevation. Several of these factors also affect the suitability of 336 

an area for habitat restoration. 337 
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The deltaic coastlines with a low elevation and flat slope are seen more susceptible to coastal hazards 338 

mainly the sea-level rise, storm surge and wave action (Tripathi and Resmi 2018). NC-GB, contains the lowest 339 

coastal elevation of -10m below the sea-level rise which registered a change rate of 8.79mm/year, significantly 340 

higher than the globally predicted average of 3.1mm/year (Bhuiyan and Dutta 2012). Due sea-level rise and storm 341 

surge, the sand beach and dunes are transported to the coastal habitats placed at low elevations, obstacle the 342 

fertilization of the land and the spread of seeds, and this sediment transport route system relies heavily on wind and 343 

wave activity that largely occurred in the Zone-B of our study area. Storm surge is a function of wind speed and 344 

direction, and also the distance over which wind blows across shallow water. Guinea-Bissau contains ones of the 345 

largest continental shelf in West Africa extending to 39,339 km², allowing the generation of wind speed above 346 

35km/h (seatemperatureinfo 2021). In general, the greater the extent of the continental shelf fronting a section of 347 

coastline, the greater the potential for surge to build up during a storm (Jennifer et al. 2011). The NC-GB is 348 

potentially influenced by southwesterly monsoonal winds as well as waves (Hidrografico.pt 2021). The sediments 349 

from various sources are circulated and resettled by hydrodynamic processes based on wind and wave directions. 350 

This has led to a gradual increase in coastal erosion mostly in the cliff lands and coastal accretion in the flat slope 351 

areas, consequently increasing the vulnerability of the coastlines. The geomorphological and habitat diversity 352 

inherent to this coast also explains coastal variations, as it favors local accumulation in certain areas, resulting in 353 

famine in other areas, as seen in Zones-B and C of our study area, where the habitat and geomorphological 354 

structures are weak. Another element that promotes this coastal vulnerability is the degree of human implication in 355 

the coastal land transformation, contributing in greater extent of sediments supply after deforestation. Human 356 

pressures on the coastal plain have resulted in the removal of mangroves, conversion of wetlands and coastal forests 357 

to large-scale of cultivation areas, putting the shorelines in a serious vulnerability situation (del-Toro and López 358 

2019). These situations also prevented the formation of barriers on the beach crest that could trap sediment. 359 

Significant coastal dunes and beach crest plains characterize these sandy shores, as largely found in Zones-C of 360 

study area. 361 

In this study, we observed that poor coastal management combined by the socio-economic situation and 362 

lack of proper coastal structures to protect the coastlines, could significantly increase the vulnerability. Although, it 363 

is important to highlight that, the conservation activities carried out in these coastal areas by several governmental 364 

and non-governmental organizations (IUNC 2018) have contributed to the gradual restoration of wetlands, 365 

fundamentally allowing for the significant growth of the mangrove ecosystem, highly observed in Zone-A of our 366 

study area. In the early 2000s, five natural parks and protected areas, covering a total area of around 5000 km2, were 367 

created in Guinea-Bissau, including the Natural Park of Tarrafes de Rio Cacheu (PNTC), which was established in 368 

2000 under Decree law 12/2000. The PNTC management is currently under the authority of a council, the Board of 369 

Park Management, composed of park leaders, local representatives, State and government representatives from the 370 

Institute for Biodiversity and Protected Areas (IBAP), created in 2004 as the national unit responsible for managing 371 

the protected areas network, as well as other stakeholders working in the field (NGOs, associations, etc.). Despite 372 

the extraordinary efforts of these organizations, the coastlines of NC-GB continue to suffer from coastal hazards as 373 

confirmed by the results of CVI model associated with our field observation findings. Based on these findings, it is 374 

clear that coastal vulnerability in the NC-GB, could increase with this global climate change dynamics, therefore 375 

deep conservation is required in this coastal country to minimize the impact of coastal hazards. 376 

5 Conclusion 377 

In this study, we comprehensively elaborate a Coastal Vulnerability Index to coastal hazards by integrating 378 

biological parameters such as sand dune (new integrated parameter), mangrove, salt marsh, coastal forest; 379 

geomorphology parameters such as rocky, sandy beach (new integrated parameter), estuary and cliff; and physical 380 

parameters such as relief, bathymetry, wind, wave, storm surge and sea-level rise. For the first-time, we stablish rate 381 

of sea-level rise in our study area, considering the coastline of approximately 87 km long and determine the role of 382 

coastal habitat in protecting the shoreline from coastal hazards. For these assessments we employed both GIS spatial 383 

datasets and CVI of InVEST model, and we found a considerable coastal vulnerability index in the NC-GB, 384 
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motivated mainly by sea-level rise, storm surge, wind and wave exposure. The main reasons for high vulnerability 385 

index registered in were due to the high wind and wave exposure, as this coastline is highly exposed to open sea. 386 

The other reasons were the storm surge and sea-level that rises 8.79/year, due to low coastal relief and flat slope, 387 

associated with inconsistent coastal habitats in the shorelines. The Zone-A, shows to be more resilient than Zone-B 388 

and C, due to the largely mangrove ecosystem that play very important role in protecting shoreline from coastal 389 

hazards. The Zone-B and C, deserves special attention from the conservation bodies and coastal community.  390 

These findings, will assist policy makers or coastal managers in defining strategies that aimed to minimize 391 

the coastal vulnerability and help in developing a pro-active adaptation plans for the safeguard of the coastal 392 

community and ecological environment from destructive coastal hazards. The present study can also provide a 393 

scientific basis and practical reference for sustainable coastal management and guidance for ecological conservation 394 

in several coastal countries. For example, Senegal and Gambia located in the north of Guinea-Bissau, which contain 395 

very important marine conservation areas such as, Saloum Delta Biosphere Reserve (Senegal) and Tanbi Wetlands 396 

National Park (Gambia), all classified as RAMSAR site, like Natural Park of Tarrafes de Rio Cacheu in our study 397 

area (USAID and BA NAFAA 2012). As well Guinea, located in the south of Guinea-Bissau that comprises large 398 

river estuaries in “Lower Guinea” (UNDP 2019); and Sierra-Leone, that comprises four primary mangrove 399 

ecosystem regions such as, Scarcies River Estuary, the Sierra Leone River Estuary, Yawri Bay and Sherbro River 400 

Estuary (Trzaska et al. 2018). All these countries presented almost the same coastal landform characteristics, 401 

relatively low spatial elevation and vulnerability patterns. They are all exposed to the Atlantic Ocean and their 402 

ecosystem and biodiversity are highly threatened by coastal hazards, mainly the wind and wave, sea-level rise and 403 

storm surge. These coastal zones require special attention for better conservation by referencing our findings. We 404 

believe that these findings may be of interest to the readers concerned about coastal vulnerability studies which 405 

involved multi-parameters for multi-hazards assessment index. 406 

5.1 Recommendations for coastal management 407 

The recommended management strategies to protect the NC-GB based on the current CVI result are 408 

summarized in Table 6. For management recommendation, the study area is divided into three zones (Fig. 4) 409 

according to their specified vulnerability index situation. The detailed for coastal management is highlighted below:  410 

1. Zone-A: the coastlines are very vulnerable to sea-level rise and storm surges. Coastal inundation and 411 

saltwater intrusion are frequent on these coastlines due to very low elevations and flat slope. Implementing 412 

set-back zones through dike construction can prevent coastal inundation (Harman et al. 2015). Buffers can 413 

be created alongside tidal channels, which can resist saltwater to intrude the agricultural and community’s 414 

lands. 415 

2. Zone-B: these shorelines are widely exposed to sea and highly vulnerable to wind and wave exposure, due 416 

to low spatial elevation associated with lack of consistent habitats and geomorphologies in the shorelines 417 

(Fig. 7a-b). Promoting natural habitat conservation, mangroves restoration and native wood forests 418 

plantation, can reduce excessive wind speed (Harman et al. 2015). As well as implementing soft technology 419 

such as sand fences, dikes or polders can be an efficient step to provide protection of this area by reducing 420 

the strength of wave exposure. 421 

3. Zone-C: these coastlines are comprised of a long natural beach of about 15 km, and it is relatively 422 

vulnerable to storm surge and wave exposure. Coastal erosion is highly observed on this coastline due to 423 

the stand cliffs and also the coastal accretion due to flat slope. The construction of sea walls or geotextile 424 

bags filled with sand beach can help prevent coastal erosion or accretion build by storm surge and wave 425 

exposure (Harman et al. 2015). Since Zone-C is a site of tourist interest, we observed several downfalls and 426 

unplanned infrastructures alongside coastlines. Such kinds of constructions pose significant threats to 427 

coastal ecosystems; therefore, the National authorities together with coastal managers should take proactive 428 

actions and policies to discourage such kind of constructions for the benefit of the nature. 429 

Table 6 is fixed here. 430 
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Figures

Figure 1

a) Location of the study area based on the world street map. b) The Northwestern Coastline of Guinea-
Bissau divided in Zone-A, Zone-B and Zone-C, classi�ed in eight land cover types using Landsat 15-meter
resolution from 01/01/2020 and 01/02/2020.

Figure 2

The �ow diagram of the coastal vulnerability approach used in this research.

Figure 3

Six bio-geophysical parameters maps: a) Elevation, b) Coastal slope, c) Geomorphology, d) Natural
habitat, e) Coastal �ood and f) Bathymetry.

Figure 4



Exposure Index values in the zone-A, B and C along the study area, de�ning very high to very low
vulnerability index.

Figure 5

Exposure index’s variation of physical parameters in the Northwestern Coastline Guinea-Bissau. Wind,
sea-level rise, storm surge and wave with higher exposure index in the study area.

Figure 6

Sea level rate in millimeter based on tide gauges of Cacheu Region port considered the reference years
2008 to 2020.

Figure 7

Coastal Vulnerability Index rankings in the Northwestern Coastline of Guinea-Bissau a) relief; b)
Geomorphology; c) wind; d) wave; e) storm surge; f) sea-level rise and g) the habitat role.

Figure 8

Field observation sites in the study area. Image-1: Coastal dune formed by the accelerated accretion;
Image-2: Coastal infrastructure degradation in Nhiquim shoreline; Image-3: Sea-level rise in Jobel
community; Image-4: coastal elevation in Varela shoreline; Image-5: Flat rocky structure in Varela
shoreline; Image-6: Cultivation and mangrove land in Igim community; Image-7: Landscape and sea-level
in Bolol community.
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